ABSTRACT We have demonstrated and characterized the generation of ultra-broadband microwave frequency combs (MFCs) based on a current modulated distributed feedback semiconductor laser (DFB-SL) subject to optical injection, and the comb spacing of MFCs can be tuned easily through adjusting the modulation frequency f m . For the DFB-SL under only current modulation with modulation frequency f m = 1.2 GHz and modulation power P m = 22 dBm, the generated MFC has a bandwidth of about 15.6 GHz within ±5.0 dB amplitude variation. Further, introducing continuous-wave optical injection into the current modulated DFB-SL with injection power P i = 1170 µW and no frequency detuning between the injection light frequency and the oscillation frequency of the free-running DFB-SL, the bandwidth of MFC can be increased to 57.6 GHz. Through measuring the single sideband (SSB) phase noises of some representative comb lines, the performances of the MFCs generated before and after introducing optical injection are compared, and the SSB phase noises at 10 kHz offset frequency can be increased by 10 dB for the harmonics with frequencies of more than 40f m after adopting optical injection. Moreover, the influences of operation parameters on the bandwidths of MFCs are analyzed, and the optimized parameter range for generating ultra-broadband MFCs has been determined.
I. INTRODUCTION
Microwave frequency comb (MFC) is an array of microwave signals separated by the same frequency spacing and has a comb-like spectral structure. Due to its ability for providing multi-band microwave signals, MFCs have potential applications in frequency conversion, frequency and distance metrology, radio-over-fiber communication, satellite communication, and so on [1] - [7] . Many approaches for generating MFCs have already been proposed and demonstrated, such as using step-recovery diodes [8] , [9] , focusing ultrafast laser pulse on the tunneling junction of a scanning tunneling microscope [10] - [12] , and converting optical frequency combs (OFCs) into MFCs through a photodetector (PD) [4] - [7] , [13] etc. These schemes possess their individually unique virtues but also have some limitations leaving room for improvement. For example, the bandwidths of MFCs generated using step-recovery diodes are limited by the electronic bandwidths of the devices used. In view of the method based on focusing ultrafast laser pulse on the tunneling junction of a scanning tunneling microscope, the line spacing of MFCs is determined by the repetition frequency of the pulse output from mode-locked laser and then cannot be adjusted arbitrarily. As for the scheme by converting OFCs into MFCs through a PD, though the OFCs with large bandwidths and wide line spacing can be generated through utilizing external modulation of continuouswave (CW) light [14] - [20] , mode-locked laser [21] - [27] , an optoelectronic oscillator [28] , or gain switching verticalcavity surface-emitting laser [29] , [30] , the spectral dispersion controls are required to faithfully convert the OFCs into the MFCs with a small amplitude variation among the comb lines.
Besides these methods mentioned above, the approaches by using nonlinear dynamics of semiconductor lasers for the generations of microwave signals and MFCs have also attracted wide attention [31] - [35] . Under suitable external perturbations, semiconductor lasers can behave various nonlinear dynamics including stable locking, periodone (P1) oscillation, multiperiodic oscillations, chaotic oscillation, harmonic frequency locking, regular pulsing, quasi-periodic pulsing, and chaotic pulsing [36] - [40] , which have been extensively studied and can be applied in many fields including the MFC generations. For example, the MFCs generation by using the harmonic frequencylocked state output from a negative optoelectronic feedback laser has been demonstrated [33] . However, due to the electronic bandwidth limitation of the feedback loop, the generated MFC has only a few GHz bandwidth along with severe nonharmonic spurs. By using a semiconductor laser subject to optical pulse injection from an optoelectronic feedback laser, the MFCs generation has also been proposed and experimentally investigated [34] , [35] , and the results demonstrated that MFCs with low single sideband (SSB) phase noise and wide bandwidth (beyond 20.0 GHz within a ±5.0 dB amplitude variation) can be achieved. At present, by combining P1 nonlinear dynamics and subharmonic modulation, we have experimentally demonstrated the generation of highpurity 65.07 GHz millimeter-wave, where several comblike frequency components have been also preliminarily observed [31] .
In this work, a novel scheme for generating tunable ultrabroadband MFCs is proposed and investigated experimentally. For such a scheme, a current modulated semiconductor laser is firstly used to generate a seed source of MFC, and then a CW light output from a tunable laser is injected into the current modulated semiconductor laser to further improve the performance of MFC. Through analyzing the influences of operation parameters on the bandwidths of MFCs, the optimized parameter range for generating ultra-broadband MFCs can be specified. Figure 1 shows a schematic of experimental setup for generating tunable ultra-broadband MFCs, in which a commercial 1.55-µm quantum well (QW) DFB-SL packaged with a fiber pigtail is subjected to optical injection from a tunable laser (TL, Santec, TSL-710). The DFB-SL is driven by a high stability and low noise current-temperature controller (ILX-Lightwave, LDC-3724C), and the accuracies of bias current and temperature are 0.01 mA and 0.01 • C, respectively. Throughout the experiment, the temperature of the DFB-SL is stabilized at 20.17 • C. The DFB-SL can be directly current modulated by a microwave signal output from a microwave frequency synthesizer (MFS, Agilent E8257C). The light emitted from the TL firstly passes through an erbium doped fiber amplifier (EDFA), a polarization controller (PC), a variable attenuator (VA1), an optical circulator (OC), and then is split into two parts by a 10/90 fiber coupler (FC1). One part is sent to a power meter (PM) to monitor the injection power P i , and the other is injected into the DFB-SL. PC is employed to match the polarization states of TL and DFB-SL, and VA1 is used to adjust injection power level. The output of DFB-SL is sent to a detection system after passing through FC1, OC, and FC2. The 10% output from FC2 is sent to an optical spectrum analyzer (OSA, Ando AQ6317C, 0.015 nm resolution) to detect the optical spectrum, and the other 90% output from FC2 is sent to electronic detected system after passing through VA2 and FC3. An electrical spectrum analyzer (ESA, R&S R FSW, 67.0 GHz bandwidth) is used to measure power spectrum and SSB phase noise through a photodetector (PD1, U2T-XPDV3120R, 70.0 GHz bandwidth), and a digital oscilloscope (OSC, Agilent X91604A, 16.0 GHz bandwidth) is used to record the time series through a photodetector (PD2, U2T-XPDV2150R, 47.0 GHz bandwidth).
II. EXPERIMENTAL SETUP

III. RESULTS AND DISCUSSION
First, we characterize some basic properties of the freerunning DFB-SL. Figure 2 (a) displays the experimentally measured power-current curve of the free-running DFB-SL. As seen in this diagram, the threshold current I th of the DFB-SL is about 4.00 mA. Figures 2(b) and (c) show the variation of relaxation oscillation frequency of the freerunning DFB-SL with the bias current and the square-root of DFB-SL output power, respectively. Obviously, for the bias current varied within 4.00 mA -40.00 mA, the relaxation oscillation frequency nonlinearly increases with the bias current but linearly increases with the square-root of DFB-SL output power. During the following experiments, the DFB-SL is biased at 25.00 mA. Under this case, the free-running DFB-SL oscillates at 1549.03 nm, and the relaxation oscillation frequency is about 8.7 GHz. In addition, the lasing wavelength of TL is also set at 1549.03 nm, namely the frequency detuning v between the injection light frequency and the oscillation frequency of free-running DFB-SL is fixed at 0 GHz.
Next, we will demonstrate that the performance of MFCs can be improved after introducing optical injection. Figure 3 gives the time series (first column), optical spectra (second column), and power spectra (third column) output from the current modulated DFB-SL with modulation frequency f m = 1.2 GHz and modulation power P m = 22 dBm, where the upper and below rows are without and with optical injection, respectively. It should be noted that the measured time series cannot completely embody the waveform due to finite electronic bandwidth (16.0 GHz) of used OSC. Specially, for the case after introducing optical injection, high frequency components are obviously enhanced due to optical injection, a pulse in time series maybe include much more peaks and valleys, which cannot be recorded due to only 16.0 GHz bandwidth of OSC. Without optical injection, the time series (as shown in Fig. 3(a1) ) output from the directly modulated DFB-SL is a pulse train with 833 ps time spacing, which is equal to the reciprocal of modulation frequency f m = 1.2 GHz. The corresponding optical spectrum and power spectrum are shown in Figs. 3(a2) and (a3), respectively. As shown in Fig. 3(a3) , the magnitudes of high-order components are significantly suppressed due to the relaxation oscillation frequency of the DFB-SL. After further introducing optical injection with injection power of P i = 1170 µW, there are not obvious variations for the magnitudes of the comb lines with relatively low frequencies, but the comb lines with relatively high frequencies are enhanced severely. Considering the frequency range of 8.4 GHz -66.0 GHz, the amplitude variation is about ±14.7 dB without optical injection ( Fig. 3(a3) ) and is about ±5.0 dB after introducing optical injection (Fig. 3(b3) ). Since the magnitudes of first few comb lines located at low frequencies are much greater than that of the other high-order harmonics, for convenience the comb lines located at frequencies below 8.4 GHz are excluded for analyzing the bandwidth of MFC. As a result, the MFC bandwidth in this work is defined as the continuous frequency range within which the power differences among the comb lines within the frequency range from 8.4 GHz to 66 GHz are no more than ±5 dB. In Fig. 3(a3) , the MFC generated by current modulated DFB-SL only has a bandwidth of about 15.6 GHz, but the MFC bandwidth can be increased to 57.6 GHz by utilizing optical injection with P i = 1170 µW in Fig. 3(b3) . It is worth noting that the DFB-SL will be driven into the period-one (P1) state with a fundamental frequency of 25.1 GHz if the current modulation is turned off and only the optical injection with P i = 1170 µW takes effect. With the help of optical injection, the redistribution of energy among comb lines together with the bandwidth enhancement effect [41] , [42] makes the MFC generated by the current modulated DFB-SL possess wider bandwidth and better amplitude flatness.
Besides wide bandwidth and good amplitude flatness, high quality MFCs should also possess stable spectral characteristics. To characterize the spectral purity, the SSB phase noise of MFC is measured with the ESA for some representative comb lines at f m , 10f m , 20f m , 30f m , 40f m , 50f m , and 55f m of the generated MFCs in Figs. 3(a3) and (b3) . In order to clearly show the SSB phase noise curves and avoid confusion caused by a large number of overlapping curves, Fig. 4(a) displays only the SSB phase noises of the comb components at f m (black curves), 30f m (red curves), and 55f m (blue curves) without optical injection (dotted curves) and with optical injection under P i = 1170 µW (solid curves). As shown in Fig. 4(a) , the SSB phase noises in both the MFCs with and without optical injection increase as the order of harmonics increases, and the noise suppression through optical injection is observed. Next, in order to more accurately quantify the noise suppression level, the data points of SSB phase noise at 10 kHz offset frequency are extracted from measured SSB phase noise curves, and the corresponding results are depicted in Fig. 4(b) . As shown in this diagram, with the increase of the order of harmonics, the SSB phase noises at 10 kHz offset frequency of the MFCs obtained without or with optical injection increase. For every comb line, the SSB phase noise at 10 kHz offset frequency with optical injection is always smaller than that without optical injection. After adopting optical injection, except that the 55 th harmonic has a relatively large SSB phase noise of about -86 dBc/Hz at 10 kHz offset frequency, the SSB phase noises of the others are all below -93 dBc/Hz at 10 kHz offset frequency. By the way, as shown in Fig. 4(a) , there appears a resonance-like signature around 1 MHz, and the related physical mechanism is unclear at present.
Above experimental results have demonstrated that high quality MFC with wide bandwidth, low SSB phase no ise FIGURE 3. For P m = 22 dBm and f m = 1.2 GHz, the time series (first column), optical spectra (second column), and power spectra with a resolution bandwidth (RBW) of 100 kHz (third column) output from the current modulated DFB-SL without optical injection (upper row, a1-a3) and with optical injection of P i = 1170 µW (below row, b1-b3). The gray curves are for the noise floor of measurement apparatus. and small amplitude variation can be generated by a current modulated DFB-SL subject to CW optical injection under a fixed injection power P i = 1170 µW. In the following, we will investigate the performances of MFCs under different P i values. Figure 5 displays the power spectra output from the DFB-SL modulated by (P m , f m ) = (22 dBm, 1.2 GHz) subject to optical injection with different injection powers. As shown in this diagram, the bandwidths and the spectral envelopes of MFCs are different for P i taking different values. For sole current modulation without optical injection (Fig. 5(a) ), the magnitude of harmonic decreases quickly with the increase of the order of harmonic. After a weak optical injection of P i = 101 µW is introduced (Fig. 5(b) ), the magnitudes of relatively low-order harmonics are enhanced obviously but the magnitudes of relatively high-order harmonics are uneven. For larger injection powers (Figs. 5(c) and (d) ), the magnitudes of high-order harmonics are strengthened and the power spectra become more flat. When P i is increased to 1170 µW (Fig. 5(e) ), the MFC with 57.6 GHz bandwidth spanning from 8.4 GHz to 66.0 GHz within ±5.0 dB amplitude variation can be obtained. However, further increasing P i to 2008 µW (Fig. 5(f) ), the magnitudes of low-order harmonics around 15.0 GHz weaken and the flatness of spectrum becomes worse. Therefore, the injection power affects seriously the distribution of MFCs, and the reason may be explained as follows. The beat between the DFB-SL and the injection light leads to the enhancement of the comb lines near the beat frequency. It should be pointed out that, after considering the red-shift induced by the optical injection, the beat frequency is not located at the frequency detuning between the injection light frequency and the oscillation frequency of the freerunning DFB-SL. With the increase of the injection power, the red-shift is more severe and higher frequency comb lines will be enhanced, which leads to the variation of the distribution of MFCs. Figure 6 shows the bandwidth variation of MFC with the injection power P i under P m = 22 dBm and f m = 1.2 GHz. With the increase of injection power, the bandwidth increases first and then decreases. The MFC with a bandwidth beyond 40.0 GHz can be obtained when the injection power is within the range of 505 µW -2008 µW, in which solitary optical injection drives the DFB-SL into P1 oscillation with a frequency from 19.8 GHz to 30.1 GHz. Specially, for the injection power is located within the range of 1170 µW -1728 µW, the DFB-SL is driven into P1 state with a frequency of 24.1 GHz -28.8 GHz. Under this circumstance, combining with the current modulation, the bandwidths of MFCs can be reached to 58.6 GHz. Therefore, the injection power is an important parameter to affect the bandwidth of MFC, and under suitable injection power the MFC with ultra-broadband can be obtained.
Above experimental results are obtained under a fixed modulation power of P m = 22 dBm. Next, we will further investigate the dependence of MFC on P m . Figure 7 displays VOLUME 5, 2017 the power spectra output from the DFB-SL for P i = 1170 µW and f m = 1.2 GHz with different P m . For sole optical injection without current modulation (Fig. 7(a) ), the optical injection drives the DFB-SL into P1 oscillation with a frequency of 25.1 GHz. After current modulation is introduced to the optically injected DFB-SL, for relatively weak modulations (Figs. 7(b) ), obvious comb lines emerge at two regions. One locates at low frequency region, in which the frequencies of the comb lines are equal to multiple of f m . The other locates at the region nearby the frequency of the P1 oscillation, in which P1 oscillation results in the line with frequency of 25.7 GHz possessing the strongest intensity, and other lines with frequency deviations from 25.7 GHz by multiple of f m can also be observed. Under this circumstance, the spectra are uneven. For modulation powers are strong enough (Figs. 7(c)-(f) ), the flatness of MFCs is improved and the bandwidths are enhanced. Figure 8 gives the bandwidth of MFC as a function of modulation power P m under f m = 1.2 GHz without optical injection (blue curve) and with optical injection of P i = 1170 µW (red curve). As shown in Fig. 8 , when the modulation power exceeds a certain value, the bandwidths of MFCs can be enhanced obviously. For the case without optical injection, the MFCs bandwidths can only be increased to about 16.8 GHz (blue curve). However, after introducing optical injection with P i = 1170 µW, the MFCs with bandwidths beyond 55.0 GHz can be obtained (red curve).
For practical applications, it is usually expected that the line spacing of MFC can be easily tuned. In this work, the line spacing is relatively easy to be tuned by adjusting the frequency of the modulation signal provided by the MFS since the line spacing of MFC is solely depended on the modulation frequency f m . Finally, we will study how the modulation frequency f m affects the MFC. The evolution trends of bandwidth and the number of comb lines contained within the bandwidth (n) with f m are given in Fig. 9 , where the blue and red lines are for without and with optical injection, respectively. Considering that n is the number of comb lines which is contained within the bandwidth, the relation between the bandwidth and n is that the bandwidth is equal to (n-1)f m . As shown in Figs. 9(a) and (b), without optical injection, with the increase of f m , the MFC bandwidth presents a small fluctuation and the number of the comb lines contained within the bandwidth gradually decreases. After introducing optical injection, both the bandwidth and the number of comb lines are enlarged, and the enhancement effects are particularly obvious for 1.1 GHz ≤ f m ≤ 1.7 GHz and 3.3 GHz ≤ f m ≤ 8.0 GHz. When f m = 1.2 GHz, the maximum bandwidth (57.6 GHz) and the most comb lines (49 comb lines) are obtained at the same time. It should be noted that the increases of the bandwidth and the number of comb lines after introducing optical injection is small for f m > 8.0 GHz and 1.7GHz < f m < 3.3 GHz. For the case of f m > 8.0 GHz, it is easy to be understood since the relaxation oscillation frequency of the free-running DFB-SL is about 8.7 GHz at the current bias level of 25.00 mA. For the case of 1.7GHz < f m < 3.3 GHz, which is due to uneven power spectrum and the bandwidth definition used in this work. Additionally, it can be predicted that for a given modulation frequency f m , it is possible to obtain higher quality MFCs by optimizing P i and P m since Fig. 9 is obtained under fixed P i and P m .
IV. CONCLUSION
In summary, based on the nonlinear dynamics of DFB-SL, a novel scheme for the generation of ultra-broadband MFCs is proposed. For such a scheme, a current modulated DFB-SL is used to generate a seed source of MFC, whose comb spacing can be tuned easily through adjusting the modulation frequency f m . Further introducing CW optical injection, the performance of MFC can be improved. For the DFB-SL under sole current modulation with P m = 22 dBm and f m = 1.2 GHz, the generated seed source of MFC possesses 15.6 GHz bandwidth within ±5.0 dB amplitude variation. After introducing CW optical injection with P i = 1170 µW, the bandwidth of MFC is enhanced to 57.6 GHz within ±5.0 dB amplitude variation overlapping the frequency range from 8.4 GHz to 66.0 GHz, and meanwhile the generated MFC possesses more pure spectral characteristics. Except that the 55 th harmonic has a relatively large SSB phase noise of about -86 dBc/Hz at 10 kHz offset frequency, the SSB phase noises of the others are all below -93 dBc/Hz at 10 kHz offset frequency. Moreover, the influences of different operation parameters on the bandwidths of MFCs have been explored, and the results show that tunable ultrabroadband MFCs can be obtained under suitable operation parameters. He is currently a Full Professor with the School of Physics, Southwest University, Chongqing, China. He has authored or co-authored over 100 publications. His current research interests include nonlinear dynamics of semiconductor lasers and their applications, and chaotic semiconductor lasers and their applications. VOLUME 5, 2017 
